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The process of particle capture by an extremal charged black hole followed by Hawking radiation is believed
not to preserve unitarity at one-loop level. In this paper we point out that the above standard picture can be
altered due to backreaction effects. In the semiclassical approximation, and for the special low-energy particle-
hole scattering considered, the corrected Hawking radiation seems compatible with unitarity.
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The discovery that black holes emit thermal radiation [1]
has raised a serious conflict between quantum mechanics and
general relativity. If a black hole is formed from the collapse
of matter, initially in a pure quantum state, the subsequent
evaporation produces radiation in a mixed quantum state [2].
If the analysis is performed in a fixed background geometry it
is very hard to imagine how this conclusion can be avoided.
The core of the problem is connected with the black hole
causal structure. The information that flows through the hori-
zon is not accessible to the outside observer and therefore one
has to trace over the internal (unobserved) states. This gen-
erates a density matrix and the information, codified in cor-
relations between internal and external states, is indeed lost
in the singularity. There are several posibilities to avoid such
a radical conclusion, but the most conservative one suggests
that the information is recovered in the corrected Hawking ra-
diation due to large backreaction effects [3–5]. However it is
difficult to unravel a detailed mechanism capable to produce
information return. Even more, it seems unlikely that unitar-
ity can be preserved within the semiclassical approximation.
It is usually stated that unitarity can only be obtained in a pure
quantum gravity theory. Since we still do not have such a the-
ory it is useful to consider a particular situation for which the
problem can be simplified and, in turn, the backreaction ef-
fects can be controlled in a very efficient way. Such a scenario
is given by the scattering of low-energy particles by extremal
Reissner-Nordstro¨m charged black holes.
We now briefly recall the standard picture of the process in a
fixed background spacetime approximation. Throwing long-
wavelength particles into an extremal black hole results into
a non-extremal one which then emits Hawking radiation. The
Penrose diagram of such a process is given in Fig.1. There
exists radiation flowing through the future null infinity I+
(Hawking radiation) and in general also inside the horizon (we
will be interested here in the radiation flowing to the right sin-





ci,j jψiiint ⊗ jψjiext (1)
i.e., a superposition of products of internal and external states
of right-moving modes. Note that we shall be mostly con-
cerned with right-movers (as in [6]) because they are the ones











where jnwi is a n-particle state with frequencew. An observer














FIG.1.Penrose diagram corresponding to the creation of a near-
extremal charged black hole from the extremal one. The ingoing
arrow line represents an infalling shock wave.
In this paper we shall analyse how this scenario gets modi-
fied when backreaction effects are taken into account. Due to
Hawking emission the radiating non-extremal configuration
will decay back to the extremal black hole, if charged particles
are sufficiently massive. The corresponding Penrose diagram
is given in Fig.2. Comparing the diagrams of Figs. 1 and 2
1
we see that the right singularity, being an artifact of the fixed
background approximation, has completely disappeared. It
appears very unlikely the preservation of purity if radiation is
still present at H (which is part of the future Cauchy horizon),
since this would mean that the information is indeed lost in





x = x− −int
r=ql
FIG.2. Penrose diagram corresponding to the process of particle
capture by an extremal charged black hole followed by Hawking
radiation. The end-state geometry is, due to backreaction effects,
an extremal black hole. The location of the event horizon H+ is
now at x− = x−int.
The crucial point is to analyze what happens atH . We shall
exploit the fact that the dominant Hawking emission is carried
away in s-waves. Moreover, in the region very close to the ini-
tial extremal horizon r = ql (q is the black hole charge and l2
is Newton’s constant), which is the relevant one to study the
radiation at H , a scalar matter field f in the s-wave obeys the
free equation
∂2t f − ∂2rf = 0, (4)
where r is the tortoise coordinate. The dynamics in the re-
gion close to r = ql is controlled by the Jackiw-Teitelboim
model [7], as it has been explained in [8]. The advantage of
this model is that the backreaction effects can be incorporated
immediately by adding the Polyakov-Liouville term [9]. In




















where the relation between the fields appearing in (5) and the








and λ2 = l−2q−3. The initial extremal configuration can be
described, near r = ql, by the solution
ds2 = −2l
2q3dx+dx−
(x− − x+)2 ,
~φ =
lq3
x− − x+ . (7)
At x− = +1 we are just in the extremal radius r = ql, i.e.
~φ = 0. This configuration is stable and it does not produce
radiation. If we send a very narrow pulse of classical null
matter at x+ = x+0 with small energy m we create a near-
extremal black hole of mass m = q+ m. The semiclassical
solutions are now more involved, due to the non-locality of
the effective quantum action. Moreover, the semiclassical
equations require to choose boundary conditions for the non-
local terms. We discussed this point in [10] arguing that we
have two alternative options. One is naturally associated with
a free falling observer crossing the apparent horizon and the
second one is connected to the outside inertial observer. It is
not possible to impose, simultaneously, both types of bound-
ary conditions in the same way as it is meaningless to have a
sort of “superobserver” making simultaneous measurements
at infinity and at the horizon [5,11].
The boundary conditions for the outside observer can be
chosen as follows. The quantum incoming flux vanishes
whereas the outgoing (Hawking) flux is given by [10]
hTuui = − ~24pifx
−, ug, (8)








Schwarzian derivative between the initial and final Eddington-
Finkelstein coordinates. We can express the evaporating solu-
tion in two different coordinate systems. In conformal gauge
(x+, x−) where the metric takes the form in (7), ~φ is ex-
pressed by means of one single functionG(x−) through
~φ =
G(x−)




The relation between G(x−) and the Hawking flux is







Equivalently we can express the metric outside the horizon in







du2 − 2dud~x, (11)
where ∂u ~m(u) = −hTuui and ~x = l ~φ. The change of co-
ordinates relating the two solutions is given by du/dx− =
−lq3/G(x−) and from this it follows, using eqs. (8) and (10),
that G(x−) satisfies the following differential equation














We note that although (11) is valid only in the region external
to the horizon (because u = +1 at the event horizon H+),
the solution in (x+, x−) coords. (with x−int finite) can be ex-
tended to values of x−  x−int and, therefore, up to H .
2
To recover the extremal solution at late times (u ! +1)
we need that ~m(u) (the mass deviation from extremality) van-
ishes for x− ! x−int (with x− < x−int). This implies that in
this limit fx−, ug!0, i.e. that the relation between u and x−





where a, b, c, d are real parameters verifying the condition







and then we face two qualitatively different possibilities: c 6=
0 and c = 0. Let us first analyze the case c 6= 0 (i.e. x−int fi-





A(x− − x−int)2, (15)
where A is a non-vanishing constant. Moreover, a short ma-
nipulation of the differential equation shows that G000  0
everywhere and also G(n)(x−int) = 0 for n  3. This implies
that the unique function G(x−), for x−  x−int, matching
with the solution for x−  x−int is exactly a parabola. This is
crucial, since it means that along H we can express the solu-
tion in a form similar to (11) with uH instead of u satisfying
the Mo¨bius type relation




thus implying ~m = 0 (note that we can reach the same conclu-
sion by considering the “complementary” solution connected
with the free falling observer crossing the horizon, being of
the ingoing Vaidya-type form [8], and considering the late ad-
vanced time limit v ! +1). We want to remark that the con-
stants A and x−int could be related to the parameters q, m
and x+0 using the considerations exposed in [10]. But here our
aim is to stress that (16) has far reaching consequences. Pos-
itive frequency at H can be naturally defined by the null-time
uH . Since the propagation of the matter field f (4) is confor-
mal in the plane (x+, x−) around r = ql, it is well known
[13] that the vacuum state is invariant under global conformal
transformations (i.e., Mo¨bius transformations). So this sug-
gests that the expression (1) should be replaced, according to
the above, by
j0iin = j0iint ⊗ jψiext (17)









FIG.3.Plot of the function G and its first and second derivatives.We
have taken A ≈ 0.808 and x−int ≈ 2.463
To make our argument deeper, it is easy to see that all the
correlation functions of quasi-primary fields, associated to f ,
are invariant under Mo¨bius transformations [13]. There is no
local way to distinguish the matter state at H from that of
the vacuum. For instance, the stress-tensor 2-point correlation
C(x−1 , x
−






8pi(x−1 − x−2 )4
(18)
coincides with the corresponding correlation measured in uH-
coordinate





It is interesting to compare the correlations measured by the
external observer with and without backreaction. We find that
the effect of backreaction is to increase them. The maximum
discrepancy is obtained at very late times. Without backreac-






(eκju1−u2j − 1)4 (20)
and with backreaction it approaches the vacuum one (19). In
fact we can prove that (19) is the highest permitted value com-
patible with positivity of the outgoing Hawking flux. In gen-











and taking into account that this expression is invariant under
Mo¨bius transformations x− ! ~x− (see (13)) one can always
choose an appropriate ~x−(u) such that ~x−0(u1) = ~x−
0
(u2)
for every pair of points u1 and u2. Now using the fact that the
Schwarzian derivative is also invariant under Mo¨bius trans-
formations it is not difficult to conclude that (19) is always
greater than (21), if the outgoing Hawking flux is positive.
The latter condition implies that the graph of ~x−0(u) is gener-
ically of the form given in Fig.4 (~x−0(u) cannot have minima
because such points, as will be explained later, are connected











is given by the fourth power of the quotient of the area of the
shaded region over the area defined by the function ~x−0 be-





FIG.4. Generic representation of x˜−
0
for a positive Hawking flux.
Let us now turn into the possibility c = 0 (which implies
x−int ! +1). In this case the function x−
0
(u), under ap-
propriate redefinitions, will approach 1 at both late and early
times. Moreover, since at early times the backreaction is neg-
ligible we have also that x−00(u)  0 for u ! −1. These
boundary conditions imply the existence of at least a point,
which we call uneg , where the the function ~x−
0
(u) has a min-
imum, i.e. x−00(uneg) = 0 and x−
000
(uneg) > 0. By eq. (8)
this means hTuu(uneg)i < 0. The unitarity of the process
will be then guaranteed by the simple fact that the region H
does not exist at all (the event horizon coincides with the ini-
tial extremal horizon r = ql). This type of situation has been
previously considered in [15] by using moving mirror analog
models for the study of black hole evaporation. The graph of
the function x−0(u) now implies strong correlations, greater
than those of the vacuum, between distant points, before and
after uneg.The emergence of strong correlations has already
appeared in the (unitary) subcritical regime of dilaton black
holes [16]. Nevertheless there is a simple argument which
seems to rule out this possibility. Energy conservation implies
that ∂u ~m(u) = −hTuui with hTuui given by (8). Moreover,
since we are in the low-energy regim ~m(u)  q we can write
x−
0








So x−00 = 24pi
~
~m(u)+constant but there is not selfconsistent
choice for the integration constant compatible with the limits
x−
00
(1) = 0 (necessary in order to have x−0(1) = 1)
given that ~m(+1) = 0 and ~m(−1) = m > 0.
Summarizing, we have analysed two different semiclassical
scenarios for the scattering of neutral particles off extremal
Reissner-Nordstro¨m black holes of which only one (namely
c 6= 0 described in Fig. 2 with region H nonvanishing)
is physically meaningful. The absence of radiation flowing
through H is a necessary requirement to guarantee unitarity.
To finish we would like to remark that some years ago the
particle-hole scattering was widely studied for a dilaton grav-
ity model [17,6]. This raised the hope of finding a possible
resolution of the information loss paradox in a simplified con-
text. However additional studies showed that unitarity was
not preserved at the one-loop semiclassical level [18,16]. It
was then speculated that only higher-order corrections could
restore unitarity [19,20]. We believe that we have provided
evidence that, for Reissner-Nordstro¨m black holes, the effects
of backreaction are stronger than for dilaton black holes, and
therefore signals of unitarity already emerge in the semiclas-
sical approximation.
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